A high temperature and low humidity composite membrane consisting of Sn 0.95 Al 0.05 P 2 O 7 and sulfonated polystyrene-b-poly͑ethylene/butylene͒-b-polystyrene ͑sSEBS͒ as inorganic and organic materials, respectively, was prepared and characterized. A homogeneous distribution of the Sn 0.95 Al 0.05 P 2 O 7 particles in the matrix was accomplished in the thickness range of 25-80 m, providing an elongation at break above 400%, which is approximately two times higher than that for Nafion. Moreover, moderate proton conductivities of sSEBS improved proton transfer between the Sn 0.95 Al 0.05 P 2 O 7 particles in the matrix, resulting in a proton conductivity of approximately 0.01 S cm −1 at 130°C without any humidification, which is 3 or more orders of magnitude higher than that for Nafion under the same conditions. © 2009 The Electrochemical Society. ͓DOI: 10.1149/1.3267848͔ All rights reserved. Proton conductors capable of operating at intermediate temperatures ͑100-200°C͒ and low relative humidities ͑10% or less at each temperature͒ currently hold great interest because of their advantages over Nafion-type fluoropolymers that are conventionally used in proton exchange membrane fuel cells ͑PEMFCs͒.
Proton conductors capable of operating at intermediate temperatures ͑100-200°C͒ and low relative humidities ͑10% or less at each temperature͒ currently hold great interest because of their advantages over Nafion-type fluoropolymers that are conventionally used in proton exchange membrane fuel cells ͑PEMFCs͒.
1,2 Operating a fuel cell at elevated temperatures gives the anode catalyst a high tolerance to CO, eliminating the need for a CO-removal unit. Electrode reaction kinetics is enhanced, permitting low Pt loadings. Operating a fuel cell under unhumidified conditions obviates the need for a complicated humidity control system. Thus, proton-conducting materials that can satisfy the above criteria have been proposed, developed, and evaluated. In particular, recent research efforts have been increasingly centered on the design of anhydrous proton conductors because these materials do not require the presence of water as a charge carrier. [3] [4] [5] [6] More recently, various metal diphosphates ͑MP 2 O 7 , where M = Sn, [7] [8] [9] [10] [11] [12] Ce, 13 and Zr 14, 15 ͒ have been reported to show good proton conductivity in the temperature range of 100-400°C under waterfree conditions. These proton conductors have also been explored as electrolytes for high temperature PEMFCs. For example, a fuel cell with the Sn 0.9 In 0.1 P 2 O 7 electrolyte exhibited a stable performance in low humidity conditions and at high CO concentrations. 16 Moreover, this fuel cell allowed for the use of alternative anodes instead of Pt 17 and showed good fuel flexibility, including dimethyl ether 18 and hydrocarbons. 19 However, the electrolyte membranes used in previous studies were prepared by merely pressing Sn 0.9 In 0.1 P 2 O 7 powders into pellets due to the difficulty in preparing sintered compacts of this material. The synthesis of a dense and flexible electrolyte membrane is a crucial requirement for practical applications of this material.
One promising approach for meeting the above requirements is to form hybrids of inorganic and organic materials because they offer the possibility of improving the mechanical properties of various difficult-to-consolidate inorganic materials. [20] [21] [22] [23] [24] Optionally, if the polymer has acidic functions as proton sites, high proton transfer between clusters of the proton conductor in the matrix is also expected. In the present study, we attempted to design composite membranes based on Sn 0.95 Al 0.05 P 2 O 7 . As a preliminary experiment, Sn 0.95 Al 0.05 P 2 O 7 powders were blended with the following polymers: sulfonated polystyrene-b-poly͑ethylene/butylene͒-bpolystyrene ͑sSEBS͒, polystyrene-b-poly͑ethylene/butylene͒-bpolystyrene ͑SEBS͒ or polystyrene-b-poly͑ethylene/propylene͒-bpolystyrene, maleic anhydride functionalized polystyrene-bpoly͑ethylene/butylene͒-b-polystyrene, and poly͑vinylidene difluoride͒. From the aspects of the electrochemical and mechanical characteristics, sSEBS with a block copolymer structure, shown in Fig. 1 , 25 was the best all-round binder among the tested polymers, wherein a 20 wt % sSEBS was determined to be optimum for maintaining both the proton conductivity and the tensile strength as high as possible. Thus, this study mainly focused on experimental results using 20 wt % sSEBS as the organic binder.
Experimental
Sn 0.95 Al 0.05 P 2 O 7 was prepared as follows: SnO 2 and Al͑OH͒ 3 powders were mixed with 85% H 3 PO 4 and ion-exchanged water and were held with stirring at 300°C until the mixture formed a high viscosity paste. The pastes were calcined in an alumina pot at 650°C for 2.5 h and then ground with a mortar and a pestle. For comparison with the composite membranes, the compound powders were pressed into pellets under a pressure of 2 ϫ 10 3 kg cm −2 . sSEBS ͑1g͒ ͑Kuraray Co. Ltd.͒ was dissolved into a mixture of 80 wt % toluene and 20 wt % iso-butanol. Sn 0.95 Al 0.05 P 2 O 7 powder ͑4g͒ was added into the solution while stirring at room temperature until a homogeneous slurry was formed. After grinding with a ball mill, the slurry was cast onto a poly͑ethylene terephthalate͒ substrate and then dried at 120°C in air for 4 h. Finally, the membrane was peeled off and was cut into test samples with the appropriate sizes.
The cross-sectional morphology and the crystalline structure of the membrane samples were analyzed using a scanning electron microscope ͑SEM͒ equipped with an energy dispersive X-ray ͑EDX͒ detector and an X-ray diffractometer ͑XRD͒, respectively. The elongation at break and the tensile strength of the membrane samples were measured using a universal testing machine at room temperature and were estimated by dividing the maximum load by the crosssectional area of the composite membrane. AC conductivity measurements of the membrane samples were performed using two Au plates as electrodes in unhumidified air.
H 2 /O 2 fuel cells were fabricated using the membrane samples as electrolytes. Both the anode and the cathode ͑area: 0.5 cm 2 ͒ consisted of Pt/C ͑BASF, Pt loading: 1 mg cm −2 ͒, which was impregnated with H 3 PO 4 and heated at 130°C in air for 6 h. The electrolyte membrane was sandwiched between the two electrodes and hotpressed at 120°C. Unless otherwise stated, the current-voltage curves of the fuel cell were measured by supplying unhumidified H 2 and O 2 to the anode and the cathode, respectively, at flow rates of 30 mL min −1 .
Results and Discussion
A photograph of a thin Sn 0.95 Al 0.05 P 2 O 7 -sSEBS composite membrane prepared in this study is shown in Fig. 2a . The thickness of this composite membrane could be controlled from 25 to 80 m. Although the distribution of Sn 0.95 Al 0.05 P 2 O 7 in the matrix is difficult to estimate from this photograph, homogeneity ranging from several micrometers to a few tens of micrometers was established, as will be described later. The mechanical profile of this composite membrane is shown in Fig. 2b . A large elongation at break, above 400%, was obtained at a membrane thickness of 50 m, which is superior to the values of 200-300% reported for Nafion. 26, 27 Here, similar properties were observed in the thickness range of 25-80 m, showing excellent extensibility control over the membrane thickness. The tensile strength of this composite membrane was measured to be 2.8 MPa, which is less than the value of about 10 MPa measured for Nafion; however, this composite membrane was sufficiently strong, allowing it to be fabricated into membrane electrode assemblies ͑MEAs͒.
The morphological and structural analyses of the Sn 0.95 Al 0.05 P 2 O 7 -sSEBS were carried out by SEM/EDX and XRD, respectively. As shown in Fig. 3a , SEM and EDX images revealed a homogeneous dispersion of Sn 0.95 Al 0.05 P 2 O 7 particles throughout the cross section of the composite. The XRD pattern of this composite membrane sample was almost perfectly identical to that of the pure Sn 0.95 Al 0.05 P 2 O 7 powder sample, indicating no influence of the present blending process on the crystalline structure of Sn 0.95 Al 0.05 P 2 O 7 . To obtain information about other physiochemical properties, a H 2 /O 2 fuel cell was fabricated using this composite membrane as an electrolyte. As shown in Fig. 3b , the open-circuit voltages ͑OCVs͒ were always independent of the membrane thickness, meaning that both H 2 and O 2 crossover through the composite membrane was negligible. Figure 3b also gives additional information indicating that the ohmic resistance of the composite membrane decreased almost linearly with decreasing thickness and reached a minimum of approximately 0.5 ⍀ cm 2 at a thickness of 36 m, which is an indirect evidence of the homogeneous distribution of Sn 0.95 Al 0.05 P 2 O 7 in the matrix at the ϳ10 m level.
The proton conductivity of the Sn 0.95 Al 0.05 P 2 O 7 -sSEBS composite membrane was compared with those of the individual materials and Nafion at various temperatures under unhumidified conditions. As shown in Fig. 4 , in the temperature range of −20°C to room temperature, the proton conductivity of the composite membrane was as high as that of the pure Sn 0.95 Al 0.05 P 2 O 7 pellet. This can be understood by the relatively high proton conductivity of sSEBS under such conditions. However, at elevated temperatures, the proton conductivity of the composite membrane was lower than that of the pure Sn 0.95 Al 0.05 P 2 O 7 pellet. This is not surprising because sSEBS is no longer a good proton conductor under such conditions. More importantly, the proton conductivity of the composite membrane was reduced by using unsulfonated SEBS in place of sSEBS at temperatures below 200°C, whereas the opposite relationship was observed at temperatures above 200°C. Given the structural similarity of the two polymers, this difference observed below 200°C can be ascribed to the -SO 3 H groups available for proton transfer. The -SO 3 H group likely forms a proton-conducting pathway from one (a) (b) Figure 2 . ͑Color online͒ Photographs of the ͑a͒ as-prepared composite membrane ͑thickness, 50 m͒ and the ͑b͒ composite membrane before and after stretching ͑thickness, 50 m͒. [28] [29] [30] Thus, we can assume that the observations above 200°C are due to the decomposition of the -SO 3 H group and thereby probably the whole polymer structure, causing a large increase in the grain-boundary resistance in the matrix. In any event, the proton conductivities of this composite membrane from Ϫ20 to 130°C ͑the so-called glass transition temperature for Nafion͒ 31 are approximately 1-3 orders of magnitude higher than those measured for Nafion under the same conditions.
The cell performance was tested for a 50 m thick composite membrane between room temperature and 150°C. As shown in Fig.  5a , the OCV exceeded 970 mV at all tested temperatures, and no limiting current behavior was observed at high current densities. The current-voltage slopes became lower as the operating temperature increased. Consequently, the power density at 450 mA cm −2 was enhanced from 169 to 215 mW cm −2 by increasing the temperature from room temperature to 150°C. The cell performance was also measured for the same MEA as above at various pH 2 O values. As shown in Fig. 5b , the fuel cell maintained high performance levels in the pressure range of 0.03-0.3 atm, proving a good performance at low-to-medium humidities. Here, the ohmic resistance of this composite membrane at each temperature and each pH 2 O was kept almost constant for at least 100 h, although it initially increased to some extent.
Conclusion
In this study, we used sSEBS as an organic binder for Sn 0 
